Abstract-This paper presents a high-efficiency class DE tuned power oscillator, along with the analysis, design procedure, and experimental results. It consists of a class DE inverter and a feedback-loop for phase matching and is especially applicable for high frequency performance because it minimizes the power dissipated when turning ON each MOSFET. In contrast to conventional inverters, the proposed oscillator needs an additional complicated circuit including a driver circuit to start the oscillation. The measured efficiency was over 90% at the operating frequency of 1.0 MHz and output of 2.3 W.
which is determined by trial-and-error, yielded the highest convergence rate.
V. CONCLUSIONS
For a very general nonlinear DAE circuit system of index one, we have presented a new and simple convergence condition on its WR solution. Namely, for a given circuit partition, if the norms of certain matrices derived from the Jacobians of the differential and algebraic parts in the circuit are each less than one, then the WR solution of the circuit will converge to its transient solution. The sufficient condition obtained in this paper includes conditions previously reported as special cases. Thus, the class of circuits, whose WR solution is guaranteed to converge, is broader than what has been published to date.
I. INTRODUCTION
Class DE [1] - [5] is a new family of the MOSFET tuned power inverters. The optimum waveforms can minimize the switching power loss because of class E switching conditions [11] and yield an high efficiency operation, of the order of 95%. Class DE inverters have been used as dc/ac inverters in resonant dc/dc power supplies, solid-state electronics bullets for fluorescent lighting, or in industrial applications as high-frequency power sources for high-frequency electric process heating.
In the power converters, the MOSFET's act as switches, and all inverters need gate-drive circuits to drive them. Under this background, "Class E high-efficiency tuned power oscillator" was proposed by Ebert et al. [6] . This circuit has no gate-drive circuit to drive the MOSFET.
In this paper, we present an analysis, a design procedure, and experimental results for the proposed circuit. The oscillator needs a additional complicated circuit including a driver circuit to start the oscillation. We show that in a properly designed oscillator circuit, it is possible to achieve the same efficiency as that of a power inverter working at the same frequency and using the same MOSFET.
II. CLASSES OF FET
Power amplifiers are classified by the operation of their output transistors. In classes A, B, and C, transistors are used in the active region; therefore they are generally suitable for use in low power ac converters. Classes D [7] - [10] and E [11] - [14] amplifiers have been used as high-efficiency power inverters. A class E inverter [ Fig. 2(a) ] consists of a single switch S, a shunt capacitor C s , a load network, and an RF choke (RFC). The load network is composed of a series resonant circuit RL 0 Lr 0 C f . The input current I cc through the RFC is forced to be constant. The output current i r through the series resonant circuit L f 0 C f is sinusoidal [ Fig. 2(b) ]. The switching loss at the turn on transition is reduced to zero due to ZVS and low (dv=dt) operations. The inverter keeps high efficiency under RF operation. In the optimum class E operation, the switch voltage stress is about 3.6 times of the dc-input voltage [12] higher than that in class D inverters.
A class DE inverter is a class D inverter in which class E switching conditions are used [1] - [5] . The efficiency at high-frequency operation is as high as that of a conventional class D-type under lower-frequency operation. A shunt capacitor is added to each switch for keeping the class E switching conditions. Its switch voltage stress is equal to the dc-input voltage. Consequently, the switch voltage waveforms have the characteristics of both of the classes D and E. The analysis of class DE inverter was carried out in [1] - [5] , and circuit components with dead time duty ratio of 0.25 are calculated from the following equations:
III. CLASS DE INVERTER
where P out output power; V cc dc input voltage; ! angular operating frequency; Q load quality factor.
IV. CIRCUIT ANALYSIS

A. Conditions for Optimum Operation of Class DE Oscillator
The purpose of this paper is to derive a suitable feedback circuit for the class DE oscillator and a procedure for determining the values of all circuit components. To achieve this, one must design a two-port network, which fulfills the following assumptions. • The energy stored in the oscillator's network should be high enough to ensure the necessary frequency stability.
• The feedback signal should have the same amplitude and phase as the input signal of the corresponding class DE inverter. To perform these assumptions, the phase-shift circuit should consist of a reactance network (inductor and capacitor).
The necessary modification of the inverter circuit may be accomplished by providing an additional phase and amplitude matching circuit to design the proposed oscillator. Feedback voltage is used as driving voltage turned by center-tapped transformer. If the amplitude of driving signals Ds1 and Ds2 are larger than the threshold voltage 
B. Analysis of Load Network and Phase
The load network introduced in [6] is shown in Fig. 4 . C g and R g are nonlinear components. But we consider these components as linear to analyze this oscillator more easily. To determine the transmission matrix of the load network including the phase shift circuit, we consider the load network as a two-port network. The load network consists of the series resonant part of the inverter, phase shift part and gate input part of the MOSFET. Transmission matrix [F 0 ] is 
where
The output current of the two-port network [F 0 ] is
From A 0 = V1 V2 I =0 (15) it is found that In the steady state of the ac mode, s = j!. Therefore from (9) 
Furthermore, L 1 0 C g is the gate resonant circuit, which means
Consequently, if we specify the values of !, V cc , R L , and Q, the circuit elements in the DE inverter (C s , L r , and C r ) are calculated from (1)- (4). If we give the MOSFET's specifications Rg and Cg from the data sheet, the circuit elements in the phase shift circuit (C 1 , C 2 , and L 1 ) are calculated from (17), (20), and (22).
C. Sinusoidal Gate Drive with Dead-Time Control
In the case of a power MOSFET, the turn-ON transition occurs very fast once the drive signal has crossed the threshold. We use a sinusoidal input voltage because it is easy to control the dead time between the two devices by changing the amplitude of the sinusoidal wave. The gate voltages are sinusoidal out of phase by 180 (Fig. 5) . One device will be turning off if the gate voltage decreases below the threshold level. This device is off until the gate voltage is over the threshold level. At the same time, the other device will be off if the gate voltage is below the threshold level. Thus, during this period, the two devices are off, resulting in the dead-time. Given the threshold voltage of the devices, we can determine the gate drive voltage required for a specific dead time.
The voltage V gs across the gate source capacitance is V gs (t) = V gs sin(! s t):
(23) 
From (25), we have the required gate voltage for a given deadtime. However, it is important to examine the range of the dead time achievable using a sinusoidal wave. In order to do this, (25) is rearranged as follows: 
Therefore, the output voltage v o is 6.37 V. Using (1)- (4) and (9) Table I . Using (9)- (22) and (28) 
VII. CONCLUSION
In this paper, a high-efficiency class DE tuned power oscillator was introduced. The proposed circuit can be used as a simple high-efficiency tuned power inverter. The analysis, design examples, and experimental results were presented. The measured performance showed good agreement with the theoretical predictions.
